Y-and W-chromosomes offer a theoretically powerful way for sexual dimorphism to evolve. Consistent with this possibility, Drosophila melanogaster Y-chromosomes can influence gene regulation throughout the genome; particularly immune-related genes. In order for Y-linked regulatory variation (YRV) to contribute to adaptive evolution it must be comprised of additive genetic variance, such that variable Ys induce consistent phenotypic effects within the local gene pool. We assessed the potential for Y-chromosomes to adaptively shape gram-negative and gram-positive bacterial defence by introgressing Ys across multiple genetic haplotypes from the same population. We found no Y-linked additive effects on immune phenotypes, suggesting a restricted role for the Y to facilitate dimorphic evolution. We did find, however, a large magnitude Y by background interaction that induced rank order reversals of Y-effects across the backgrounds (i.e. sign epistasis). Thus, Y-chromosome effects appeared consistent within backgrounds, but highly variable among backgrounds. This large sign epistatic effect could constrain monomorphic selection in both sexes, considering that autosomal alleles under selection must spend half of their time in a male background where relative fitness values are altered. If the pattern described here is consistent for other traits or within other XY (or ZW) systems, then YRV may represent a universal constraint to autosomal trait evolution.
Introduction
Sexual dimorphism is pervasive throughout the animal kingdom and manifests itself at numerous levels of biological organization including morphological, physiological and behavioural (Fairbairn et al., 2007) . Ultimately, such dimorphism results from sex-specific gene regulation. But how such regulation evolves under the constraint of a male-female shared genome is not fully understood (Lande, 1980; Griffin et al., 2013) . The current paradigm suggests that an evolutionarily conserved gene from the doublesex/mab-3 Related Transcription factor (DMRT) family is fundamental. In all metazoans, DMRT genes function as the molecular switch that initiates male or female gonad development ( Fig. 1) , which itself is activated through a diverse array of genetic or environmental signals (Moniot et al., 2000; Shoemaker et al., 2007; Smith et al., 2009; Kato et al., 2011; Price et al., 2015) . In vertebrates, the gonads then secrete sex hormones (oestrogen and testosterone) that bind to thousands of genome-wide hormone receptors to alter regulation in a sex-specific manner (Carroll et al., 2006) . However, invertebrates do not appear to possess sex hormones (but see De Loof & Huybrechts, 1998; Hentze et al., 2013) . Instead, they likely utilize male and female splice variants of the DMRT gene doublesex (dsx) to achieve the same goal. In support of this hypothesis, dsx products in Drosophila melanogaster were recently shown to bind to numerous targets throughout the genome, which could allow for sex-specific regulation (Clough et al., 2014) . Thus, sexually dimorphic selection appears to focus primarily on the creation/modification of thousands of genome-wide binding sites that respond to the concentration of two sex hormones or two sex-specific gene products (male and female dsx isoforms).
An evolutionarily simple but unproven way that dimorphic phenotypes might also evolve is for selection to promote numerous trans-acting regulatory elements on hemizygous sex chromosomes, as they represent genetic material unique to one sex (i.e. Y or W; Stewart et al., 2010) . However, most Y/W-chromosomes are heterochromatic and possess few protein-coding genes (Koerich et al., 2008; Carvalho et al., 2009) . Nevertheless, Drosophila Y's have been shown to influence the regulation of hundreds of genes on the X-chromosome and autosomes (Lemos et al., 2008 Jiang et al., 2010) suggesting that these chromosomes may help sexual dimorphism evolve. The Y-chromosome's regulatory influence stems from its heterochromatin, which may act as a sink for genome-limited transcription factors or chromatin regulators, altering chromatin structure and gene regulation on other chromosomes (Francisco & Lemos, 2014) . Moreover, this phenomenon may be a hallmark of most heterogametic systems, given that most Y/W-chromosomes tend to be comprised of large swaths of heterochromatin (Bachtrog, 2013) , Y-linked heterochromatin has been shown to be highly variable in both flies and humans (Lyckegaard & Clark, 1989; Karafet et al., 1998; Repping et al., 2003) , and a similar effect has been detected in an independently evolved murid Y-chromosome (Teuscher et al., 2006; Spach et al., 2009; Case et al., 2013) .
Still, in order for Y-chromosomes to play a role in the adaptive evolution of sexual dimorphism (i.e. differentially expressed male and female phenotypes; not sex-limited phenotypes), Y-linked regulatory variation (YRV) must (i) influence male fitness, (ii), exist within populations where selection operates, and (iii) be comprised in part of additive genetic variation. Our recent work on the D. melanogaster immune system (Kutch & Fedorka, 2015) has provided evidence for the first two criteria. Specifically, Y-chromosomes derived from a single wild population were shown to differentially influence the regulation of immune-related genes, as well as defence against a live replicating pathogen. Immune-related YRV was also positively correlated with pathogen defence; with Y-chromosomes that induced the highest expression levels exhibiting the greatest ability to survive infection (Kutch & Fedorka, 2015) . Although these data suggest that YRV has the potential to influence dimorphic evolution, we still do not know if the Y-linked effects are additive in nature. This is critical considering that additive genetic variation is essential for adaptive evolution (Roff, 1997; Lynch & Walsh, 1998) .
It is important to note that YRV may not be entirely additive, as previous studies have shown that the D. melanogaster Y-chromosome can act epistatically with the rest of the genome (Stoltenberg & Hirsch, 1997; Chippindale & Rice, 2001; Jiang et al., 2010) . Epistasis occurs when the contribution of an allele to a phenotype is dependent on the alleles present at other loci (Cheverud & Routman, 1995) . This nonadditive interaction among loci can have important consequences for adaptive evolution, including the impediment of natural selection by reducing trait heritability and increasing In all metazoans, it appears that genes from the evolutionarily conserved doublesex/Mab-3 Related Transcription factor (DMRT) family function as a molecular switch to initiate male or female gonad development, regardless if sex is initiated by genetic (Sry) or environmental (temperature) signals. In vertebrates, gonadsecreted sex hormones alter regulation at thousands of genes (solid black arrows). Invertebrates likely rely on dsx sex-specific alternative splicing to induce dimorphic regulation (solid grey arrow). Invertebrate hormones and vertebrate DMRT genes are not sex-specific but might influence dimorphism via sex-specific titres; although these mechanisms are expected to be relatively minor (dotted arrows). Thus, dimorphic evolution likely centres on DMRT protein and hormone binding sites. Y/W-chromosomes offer an independent and powerful mechanism by which adaptive dimorphic evolution may occur (dashed arrows). the ruggedness of the trait's fitness landscape (Cheverud & Routman, 1995; Kvitek & Sherlock, 2011; Poelwijk et al., 2011) . If the phenotypic contribution of the Y-chromosome is purely the result of epistasis between the Y and autosomes, then the Y will not influence the evolution of sexual dimorphism. Moreover, it could significantly reduce evolutionary rates when a YRV-sensitive trait is under monomorphic selection (i.e. the sexes are selected for the same trait value), considering that the autosomal alleles under selection spend half of their time in a male background where their relative fitness values are altered. It is therefore best to assess both Y-linked additive and epistatic effects to gain insight into how YRV influences trait evolution.
To date, few studies have examined Y-linked influences on presumed sexually dimorphic traits. Griffin et al. (2013) found Y-linked effects associated with longevity and Jiang et al. (2010) found the presence of both Y-linked additive and Y-by-background epistatic effects on global gene expression. Dean et al. (2015) found a joint influence of Y-chromosome and mitochondrial variants on locomotive activity. However, any extrapolation of the reported Y-effects to adaptive evolutionary potential may be misleading because these studies either (i) did not explicitly examine Y-linked effects on fitness-related phenotypes (criterion 1 above), (ii) estimated Y-effects using Y-chromosomes from geographically disparate populations that were not co-evolving with each other or their genetic backgrounds (criterion 2 above), or (iii) restricted assessment of Y-linked effects to a single genetic background precluding the detection of nonadditive Y-linked effects. In short, the possibility for Y-chromosomes to contribute to sexually dimorphic evolution remains unclear.
In this study, we assessed the potential for the Ychromosome to influence the evolution of two immune traits in D. melanogaster, where immunity is sexually dimorphic (Winterhalter & Fedorka, 2009 ). These traits included resistance against Serratia marcescens (gramnegative bacteria) and Lactococcus lactis (gram-positive bacteria). To address our objective, we tested for both Y-chromosome main effects (i.e. additive effects) and Ychromosome by genetic background interactions (i.e. epistatic effects) on immune phenotypes by introgressing multiple Y-chromosomes from a single wild population into multiple, co-evolving genetic backgrounds (i.e. genomic haplotypes) in a fully factorial design. These data provide preliminary insights into how Ychromosomes might influence the evolutionary dynamics of male and female shared traits.
If large additive Y-effects exist, then selection could easily shape sexual dimorphism via the Y-chromosome. However, if Y-effects are epistatic and not additive, then Y's would not actively contribute to dimorphic evolution. If a mixture of additive and epistatic effects are found, it would indicate that dimorphism could evolve via additive effects, but epistasis would reduce the evolutionary rate by reducing trait heritability. It is important to note that YRV can also influence sexually monomorphic selection (i.e. the sexes are selected for the same trait value). If selection was sexually monomorphic and YRV was additive, males would reach a new phenotypic optimum faster than females due to additional, male-specific additive genetic variance. This would create transitory sexual dimorphism until both sexes have reached the new optimum. However, if selection were sexually monomorphic and YRV was purely epistatic, then Ys could constrain the response to selection by reducing trait heritability in males and increasing the ruggedness of a male's fitness landscape (Cheverud & Routman, 1995; Kvitek & Sherlock, 2011; Poelwijk et al., 2011) , especially if the epistatic effect is of large magnitude.
Materials and methods

Fly stocks and maintenance
Isofemale lines were established from 40 gravid D. melanogaster females collected in the fall of 2010 from a single locality of in Orlando Florida. Each isofemale line was initially maintained via single-paired sibling matings for 10 generations after capture, ensuring that each line contained a single Y-chromosome and were at least 99.9% isogenic. After this period, isofemale lines were maintained at a population size of eight breeding pairs per generation to prevent the accumulation of excess genetic variation.
To test for the presence of Y-linked additive and epistatic genetic effects in immune defence, four isofemale lines were selected. These lines were chosen because their Y-chromosomes had been previously shown to differ in baseline immune gene expression profiles and bacterial defensive capabilities when placed in an isogenic background (Bloomington stock 4361; Kutch & Fedorka, 2015) . Prior to experimentation, the four isofemale lines were again maintained via single pair sibling matings for six generations to purge any accumulated genetic variation.
A corresponding 'Y-line' was created from each isofemale line by introgressing each Y-chromosome into an isogenic background (Bloomington stock 4361; made isogenic via 10 generations of single sibling matings [R] ), allowing the introgression of Y-chromosomes into the isogenic background in just two generations. In short, a male from each isofemale line was crossed with a 4361 female. The resulting heterozygote F1 males were then backcrossed to 4361 females. Considering that male D. melanogaster do not exhibit recombination during gametogenesis, chromosomes are transmitted intact to the next generation (Ashburner et al., 2005) . F2 male offspring from this cross that exhibited all of the recessive markers were used to establish the new Y-lines, as these flies were genetically identical across lines, but contained a unique Y-chromosome derived from their original isofemale line. These Y-lines were thereafter maintained by mating Y-line males with isogenic 4361 females. All flies were maintained in vials on a cornmeal medium at 25°C and a 12 h : 12 h light : dark photoperiod using Percival incubators (Percival Scientific, Perry, IA, USA).
Experimental genotypes
Prior to experimentation, males from each Y-line were crossed with females from each isofemale line to create 16 unique genotypes (hereafter referred to as male Y-XA lines, considering they represent the pairing of a Y-line Y-chromosome with the X and autosomes of the isofemale line; Fig. 2 ). Y-XA lines contained all possible Y-chromosomes paired with all possible isofemale genomic haplotypes. The remaining haploid set of autosomes was derived from the isogenic 4361 genetic background and thus, identical across all Y-XA background lines. Male Y-XA lines were then immune assayed. Note that the females produced from this line cross were also immune assayed and served as a negative control.
The use of only four Y-chromosomes and four genetic backgrounds limits our ability to estimate natural levels of additive or epistatic variation, as these variances are a product of population allele frequencies. However, the goal of this study is to gain coarse insight into how the genetic effects are relatively partitioned, which allows us to draw broad conclusions about how YRV may influence trait evolution. To increase the power of detecting additive and epistatic effects in our 4 9 4 matrix, we selected Y-chromosomes shown to have significantly different effect on immune gene expression (Kutch & Fedorka, 2015) .
Immune assay
To assess the immune function of each Y-XA genotype, four day old male virgins from each line (and their corresponding female controls) were infected with an LD 90 concentration of S. marcescens (gram-negative) and L. lactis (gram-positive bacteria) using a Nanoject II Auto-Nanoliter Injector (Drummond Scientific Company, Broomall, PA, USA). Although we are interested in Y-chromosome effects in males, females were also tested as a negative control (i.e. if females who do not carry a Y-chromosome differed across Y-lines in their immune function, it would suggest that any Y-line effect in males was spurious). Because male and female flies vary dramatically in their body size, a unique concentration was used for each sex and pathogen combination that would elicit the mortality of about 90% of the flies infected. Time-to-death (TTD) in response to infection was measured using a Drosophila Activity Monitor (TriKinetics, Waltham, MA, USA) for a 48 h window after infection. Flies were deemed dead once their last movement was recorded, which was confirmed through visual inspection at the end of the 48 h window. Flies that died in the first 3 h after infection were removed from the study as their mortality was more likely due to trauma than succumbing to the bacterial infection (a total of six flies were removed for this reason). Flies who survived throughout the entire 48 h observation window were censored and included in the analysis. The infection experiment was replicated 13 times, where the 16 genotypes were created de novo for each replicate by crossing different Y-line males and isofemale line females from a new generation. Within each replicate, a male and a female from each of the 16 Y by background genotypes were infected with a new bacterial culture. One female replicate from each infection type was lost due to a loss of power to the Drosophila Activity Monitors. In total 639 flies were tested among 16 genotypes; 157 males and 157 females were tested in response to L. lactis, and 159 females and 166 males were tested in response to S. marcescens.
Methods for infections of S. marcescens and L. lactis were modified from Apidianakis & Rahme (2009) . In short, bacteria were incubated in sterilized LB broth at 37°C until log phase. This solution was diluted with sterile broth to an absorbance of 0.4 at 490 nm using a microplate reader (Bio-Rad Model 680, Hercules, CA, USA), aliquoted into 1 mL micro centrifuge tubes, and stored in at 4°C to prevent bacterial growth. The 1 mL aliquots of the diluted solution were centrifuged at 11 000 g for 2 min just prior to each assay. The supernatant was discarded and 1 mL of 10 mM MgSO 4 wash was added to the remaining pellet and centrifuged at Fig. 2 The creation of Y-XA lines. The Drosophila melanogaster genome is depicted as three sets of chromosomes (sex chromosomes depicted as X's or Y's and two sets of autosomes depicted as coloured bars; the fourth dot chromosome is not depicted). Four different Y-line males were crossed with four different iso-female line females to pair different Y-4361 haplotypes with each iso-female X-autosomal haplotype.
11 000 g for another 2 min. Again, the supernatant was discarded and the pellet was resuspended in 10 mM MgSO 4 . LD 90 concentrations for each pathogen were determined by resuspending the pellet in different quantities of 10 mM MgSO 4 and infecting~50 flies to assess mortality after 48 h. For S. marcescens~90% mortality was observed when resuspending the pellet in 666 lL 10 mM MgSO 4 for males (1.5 9 concentration) and in 370 lL 10 mM MgSO 4 for females (2.7 9 concentration). For L. lactis~90% mortality was seen when resuspending the pellet in 333 lL 10 mM MgSO 4 in males (3 9 concentration) and 222 lL 10 mM MgSO 4 in females (4.5 9 concentration). Negative controls injected with just the bacterial vehicle (10 mM MgSO 4 ) showed no mortality, indicating that S. marcescens and L. lactis were the source of mortality in these experiments.
Analysis
Prior to testing for additive and epistatic effects across backgrounds, we first tested for Y-chromosome effects on male 'TTD' within backgrounds to determine if the four chromosomes used in this study were genetically distinct. To this end, we generated risk ratios for all Ychromosome combinations within backgrounds using a Proportional Hazards model with Y-chromosome and replicate as factors. Flies that lived longer than 48 h were censored. We then assessed the overall probability of one Y differing from another Y via Fisher's Combined Probability Test across backgrounds.
To test for additive and epistatic effects on 'TTD', we again used a censored Proportional Hazards model with genetic background, Y-chromosome, Y 9 background interaction and replicate as model factors. Here, replicate variation is due primarily to variation in bacterial culture, which induces differences in the mean TTD for each replicate. The analysis was conducted separately for both sexes and pathogens because each pathogen elicited very different responses in mortality, pathogen doses were different for each sex, and females served as a negative control (i.e. we did not expect females to differ across Y-lines). A significant Y-chromosome effect indicated the presence of Y-linked additive genetic effects. A significant background by Y-chromosome interaction indicated the presence of epistatic effects.
Least squared means for each Y-XA line were estimated via ANOVA using the previous model. The ANOVA also provided estimates of the model variance components, which reports the relative magnitude the background effect, Y effect, Y by background effect, and the replicate effect had on the immune phenotype. Note that we used bounded variance components in our analysis, which constrains variance components to be nonnegative. As a result, negative variance components are reported by the statistical software as zero. All analyses were conducted in JMP â , Version 12.1.0 (SAS Institute Inc., Cary, NC, USA).
Results
In general, flies died more quickly when infected with an LD 90 of S. marcescens compared with L. lactis and males died more quickly than females (Fig. 3) . In females, the X-Autosome genetic background had a significant influence on 'TTD' for both pathogens (Table 1 ). These data indicate that genetic variation for S. marcescens and L. lactis defence existed in these backgrounds. Importantly, Y-chromosome effects were not significant in females (Table 1) . The lack of a female effect serves as an important negative control indicating that any Y-chromosome effects in males were actually due to the Y-chromosomes and not some uncontrolled artefact among Y-XA lines.
In males, the X-Autosome genetic background also had a significant influence on 'TTD' for L. lactis (Table 1) . Furthermore, the genetic background influence on TTD exhibited the same rank pattern as in females, with B1 > B3 > B4 > B2 TTD (Fig. 3) , indicating that genetic backgrounds performed consistently among males and females when infected with L. Lactis. Background B1 and B3 also exhibited the longest TTD in females infected with S. marcescens, suggesting some consistency in genetic background performance across pathogens (Fig. 3) . A Y by background interaction in male S. marcescens defence precluded assessment of the genetic background main effects for this pathogen.
Prior to testing for Y-linked additive effects across genetic backgrounds, we first tested for the existence of Y-chromosome genetic variation by assessing Y-chromosome main effects within genetic backgrounds. Consistent with previous work (Kutch & Fedorka, 2015) , the Y-chromosomes appeared to be genetically distinct and behaved consistently within genetic backgrounds (Table 2) . When all backgrounds were analysed simultaneously, no Y-chromosome effect was detected in males for either L. lactis or S. marcescens defence. However, a Y by background effect was detected in male S. marcescens defence (Table 1 ). These data indicate that Y-linked additive effects did not exist in our population of Y-chromosomes, but that Y by background epistatic effects were abundant (Fig. 3) . Not surprisingly, replicate effects were significant in each model. This effect is likely driven by the use of a newly created bacterial solution for each replicate, creating variation across replicates in the amount of pathogens transferred.
To better understand the magnitude of the additive and epistatic effects on immune phenotypes, we partitioned the model effects in Table 1 into their respective variance components. In females, the genetic background accounted for 39.4% of the total variance in L. lactis defence, but only 12.7% in S. marcescens defence (Table 3a) . Thus, genetic background had a larger proportional influence on L. lactis. This trend was similar in males, although the total variance explained by genetic background was smaller compared with females (Table 3b ). Most importantly, the Y by background epistatic component for S. marcescens defence exhibited a large magnitude effect relative to the Xautosome genetic background (3.7% vs. 7.4%, respectively). This indicates that the epistatic effect on S. marcescens immune defence was a substantial part (~33%) of the total genetic effect.
Discussion
Y-and W-chromosomes offer a theoretically powerful way in which sexual dimorphism can adaptively evolve. Consistent with this possibility, D. melanogaster Y-chromosomes have been noted to influence the regulation of hundreds of genes throughout the genome; particularly immune-related genes Kutch & Fedorka, 2015) . But for YRV to contribute to adaptive evolution it must be in part comprised of additive effects. That is to say, Y-chromosomes must exhibit some level of consistency in their capacity to affect phenotypes. In this study, we assessed the potential for Y-chromosomes to consistently influence immune function phenotypes by introgressing them across multiple genetic backgrounds that were drawn from the same wild population. Our data, however, indicated that no Y-linked additive effects existed for the immune traits examined here (Table 1) . Therefore, we find no evidence that Y-chromosomes can adaptively shape sexually dimorphic immunity in this system via large additive YRV effects.
It is possible that the lack of Y-chromosome main effects presented here (Table 1) was limited by the use of only four Y-chromosomes and four genetic backgrounds. However, Y-chromosome main effects were detected when the analysis was limited to within autosomal backgrounds only (Table 2) , which is consistent with previous work (Kutch & Fedorka, 2015) . It is only when Y-chromosome by background interactions were considered that Y-chromosome main effects dissipated whereas autosomal main effects persisted. Thus, Y-chromosome effects appear to be significant and consistent within genetic backgrounds, but highly variable and nonsignificant among backgrounds. Our interpretation of this pattern is that, whereas small Y-linked additive effects may be present in the population, large Y-linked additive effects are likely to be absent. These data also suggest that the lack of Y-linked main effects were not due to anomalous genetic elements (i.e. Ys that do not impart additive effects, and/or backgrounds that interact oddly with the Ys), as Y main effects were detected within single autosomal backgrounds and the autosomes were randomly derived from the population. Although the assessment of more Y's and more genetic backgrounds may uncover the presence of small Fig. 3 The effect of genetic background, Y-chromosome, and their interaction on bacterial survival. The genetic background significantly influenced both females (a) and males (b) response to Lactococcus lactis, however the Ychromosome had no effect (note that females do not possess a Y-chromosome and are presented as a negative control). This pattern is the same for the female response to Serratia marcescens (c). Furthermore, the pattern of genetic background effects appear similar in (a-c). However, males showed a significant Y-chromosome by genetic background interaction when infected with S. marcescens (d), indicating significant epistatic effects.
Y-linked additive effects within the greater population, large additive Y-effects are likely absent.
As noted above, we detected a significant Y-chromosome by genetic background epistatic interaction when males were infected with S. marcescens. If this physiological epistatic effect translates into statistical epistasis at the population level, then phenotypic evolution outside of sexual dimorphism can be profoundly affected. Statistical epistasis (i) can increase the ruggedness of trait adaptive landscapes, which can cause a population to become marooned on a suboptimal fitness peak (Kvitek & Sherlock, 2011; Poelwijk et al., 2011) , (ii) will increase trait phenotypic variances, which decreases heritabilities and evolutionary rates, and (iii) can reduce additive genetic variances, which limits evolutionary potential (Cheverud & Routman, 1995) . Thus, statistical epistasis can dramatically disrupt monomorphic selection in both sexes (i.e. males and females are selected for the same trait fitness optimum), considering that the autosomal alleles under selection must spend 50% of their time in a male genetic background where their relative fitness values are changed. This effect may be potent if epistasis causes the fitness values to be reversed (i.e. 'sign' epistasis) and if it is of a relatively large magnitude (Cheverud & Routman, 1995; Mackay, 2014) . With complete sign epistasis in males, male heritability for a trait shared with females (e.g. immune function or body size) could drop to zero. This would reduce the population's response rate to monomorphic selection by half. In plotting the rank order changes of the Y-chromosome effects across our four genetic backgrounds, we see complete rank order reversal for some Y and background combinations; a signature of sign epistasis (Fig. 3) . Furthermore, the proportion of the phenotypic variance explained by the epistatic effect was relatively large when compared to the genetic background effect (Table 3) .
Sign epistasis is most powerful when the interacting genetic elements are in equal frequency (Mackay, 2014) . Whether Y-chromosomes exist in equal frequency in the Orlando population is unknown. However, our previous work randomly sampled Y-chromosomes from the wild and found a continuous distribution of Y-effects on immune function. This suggests that there may be many Y-chromosomes present in a population at relatively equal frequencies (Kutch & Fedorka, 2015) . If true, then immune-related YRV in D. melanogaster may play a significant role in constraining adaptive evolution in YRV-sensitive traits. Such a hypothesis is intriguing, as YRV may be widespread and evolutionarily conserved among XY and ZW heterogametic systems, potentially providing a universal constraint to autosomal trait evolution. Table 1 The effect of X-autosomal background (Background), Y-chromosome (Y-chrom) and Y by Background interaction (Y*B) on female (Top) and male (Bottom) time-to-death when infected with an LD 90 of (a) Lactococcus lactis and (b) Serretia marcescens. Both sexes exhibited a significant X-Autosome effect for pathogen defence. Y-chromosome effects were not significant in females (this was expected due to the isogenic nature of females from the Y-XA design). Y-chromosome effects were also not significant for males, indicating the lack of Y-linked additive genetic effects. However, a significant background by Y-chromosome interaction for defence against S. marcescens was detected in males, indicating the presence of epistasic genetic effects. 
The Y by background effect detected here is consistent with previous work that showed Y-chromosomes harbour genetic variation associated with S. marcescens defence (Kutch & Fedorka, 2015) . In contrast, no Ychromosome effect was observed in response to L. lactis. The difference between these results may stem from these pathogens eliciting different immune pathways. Lactococcus lactis is a gram-positive bacteria that elicits the Toll pathway whereas S. marcescens is a gram-negative bacteria that elicits the IMD pathway. Thus, YRV may simply not affect Toll genes; at least for the chromosomes and background used in this study.
Overall, our data indicate that the Y-chromosome cannot facilitate the continued adaptive evolution of sexually dimorphic immunity; at least for the Y-chromosomes and immune traits examined here. In contrast, the large Y by genetic background epistatic effect suggests that Y-chromosomes may actually constrain sexually monomorphic selection. This could be easily tested by creating genetically similar populations that differ only in their number of Y-chromosomes (e.g. 1 vs. 50) and enacting monomorphic selection over successive generations. A slower evolutionary response by the population with more Y-chromosomes would be indicative of Ys acting as an evolutionary constraint (the reverse pattern would suggest that they could facilitate sexual dimorphism). That said, if some of the epistatically interacting Y-chromosomes in a population are lost to genetic drift, then additive genetic variation could be released (Goodnight, 1988 (Goodnight, , 2015 , which could allow selection to adaptively shape dimorphic phenotypes via the Y. If the data presented here are consistent with other sexually dimorphic traits influenced by the Y, and of heterogametic chromosomes in other systems, then the Y-chromosome regulatory phenomenon may represent a large cost of sex, similar to the cost of males and the cost of meiosis. This possibility warrants further investigation. 
